ABSTRACT In this paper, we characterize the unmanned aerial vehicle (UAV) air-to-air (A2A) channel for an 802.11-based low altitude network based on a preliminary measuring result over user datagram protocol (UDP) throughput, latency, received signal strength indicator (RSSI), and pack loss, via various field experiments. Latency and pack loss are strongly related to the stability of flight; while the UDP throughput and RSSI shows a related variation trend in terms of the communication distance and altitude. A modified model based on the classical log-distance path loss (PL) model is introduced to describe propagation path loss, demonstrating the decreasing trend of multi-path effect and shadow fading with an increase in altitude. The simulation work is done to specifically show the characterization of A2A channels based on UAVs in short distance and low altitude environment.
I. INTRODUCTION
In the past years, Unmanned Aerial Vehicle (UAV), commonly known as drone, was originally used for severe conditions which are too dangerous or dirty for human to work. However, this situation is reversing dramatically, that communication based on drones is now receiving extensive attention in various fields, such as, for instance, commercial, scientific, agricultural, surveillance, and so on, and the reason is that the quality and accuracy of UAV-based work depends on the performance of UAV-to-UAV links.
A. RELATED WORKS
Communication based on UAV is regarded as a future choice of mobile infrastructure, with [1] discussing the probability of a network cooperated by UAVs and ground vehicles, and [2] presenting an aerial-ground cooperative vehicular networking architecture. In addition to this, The associate editor coordinating the review of this manuscript and approving it for publication was Guan Gui.
UAV-based communication, including air-to-air (A2A) and air-to-ground (A2G) channel, helps to achieve better efficiency in communication because of the flexibility and short-range line-of-sight (LoS) links [3] , with a transmission scheme assisted by UAV mentioned in [4] to reduce the transmitting pressure of small-cell base stations (SBSs).
1) STUDIES ON A2G CHANNELS
In general, the existing literatures on UAV communications are mainly for A2G channels, with considerable researches aiming at channel parameter measuring, transmitting performance improving (especially for antenna configurations), model building, and channel simulating. To be specific, a large number of measurements on throughput and connectivity in the flight over 802.11b radio were taken by Brown et al. [5] on the scenes with and without UAV to show the influence of UAV on ad-hoc network performance, but without finding the variation regularity of the communication parameters. In [6] , the authors conducted the measurements over UAV A2G channels, and compared the path loss (PL) exponent of the two experiment scenarios with different antenna orientations, which demonstrated the influence of antenna orientation on signal strength and user datagram protocol (UDP) throughput. Similarly, The authors in [7] and [8] gave strategies on specific antenna configurations to achieve better communication performance. Various significant communication parameters were measured and evaluated to characterize channel performance, for instance, Yanmaz et al. [9] measured the throughput and number of retransmissions to analyze the performance of A2G network with UAV, and the authors analyzed the obtained received signal strength indicator (RSSI) samples to evaluate path loss and smallscale fading. Furthermore, in [10] , the authors focused on A2G link connectivity control and considered sensor data latency and introduced algorithms for static and changing environments; meanwhile, the authors in [11] introduced the measuring result of the multi-path statistics and the propagation loss for over-water (OW) A2G channels at airborne altitudes, and found an increasing trend of multi-path effect with decreasing altitude. When it comes to modeling work, Matolak et al. [12] presented path loss models and wideband tapped-delay line (TDL) third-ray dispersive channel models for OW settings of A2G channel in unmanned aircraft system and extended the models in [13] , [14] to well reflect the hilly and suburban communication environment; in [15] , the authors introduced two-ray model and Rician fading model to describe A2G channel of UAV. In addition, Jiang et al. proposed UAV multiple-input-multipleoutput (MIMO) channel models in [16] and [17] , and the former paper took the non-line-of-sight (NLoS) propagation rays and ground surface reflection into account to characterize A2G communication environments. Besides, [18] , [19] apply deep learning methods in channel issue. All these work can serve as references for the research direction and key point on A2A channel, even though with not exactly the same communication environment.
2) STUDIES ON A2A CHANNELS
In recent years, A2A channel based on UAVs stands out for its advantage of flexibility and convenience in building, though it can also be influenced by line-of-sight components and ground reflection just like A2G channel. The differences between A2A and A2G channel are also obvious, as presented in [3] , that with different communication environment, A2A channel has smaller multi-path fading due to its small dependence on the ground, and has larger Doppler effect than that of A2G channel due to the potentially large relative velocity between UAVs. Contrast to A2G channel, there are very few studies done on A2A channel based on UAVs, though sufficient studies on aeronautical channel, at which altitudes UAVs cannot get, have been found, for example, Jun et al. [20] considered Doppler shift and multi-path fading and introduced two aeronautical channel models. The only paper about UAV-based A2A channel modeling that we find is done by Goddemeier et al. [21] which introduced a preliminary measurement work (only base on the characteristics of throughput and RSSI) on UAV-to-UAV channel and presented an extension to the Rice model in terms of altitude. The existing pieces of literature on modeling and simulation work of vehicle-to-vehicle (V2V) channel have comparatively larger amount than that on A2A channel which can serve as references for conducting channel models for airto-air scenario in this paper. For instance, Yang et al. [22] analyzed the impact of various types of vehicle obstruction on path loss and shadow fading characteristics in V2V channel; meanwhile, in [23] , the authors obtained the path loss parameters of V2V channel in different scenarios to categorize LoS and NLoS paths. For advanced modeling work recently, the authors in [24] proposed a 3D vehicle massive MIMO channel for V2V communication environments and investigated Doppler spectrum; meanwhile, Jiang et al. [25] introduced a geometry-based V2V channel model with several angle estimation algorithms in use. However, it is impossible to directly use the results obtained from V2V occasions to characterize the A2A channel based on UAV, for the transceiver antennas of A2A channel are at higher altitudes than that of V2V channel, with larger mobility.
3) STUDIES ON PATH LOSS MODEL
Log-distance path loss model is a widely-used model in A2A and V2V environments to show the attenuation of transmitting power versus the distance between transceiver antennas. To be specific, Yang et al. [26] and Karedal et al. [27] analyzed the path loss characteristics for vehicle based channel (vehicle-to-infrastructure and vehicle-to-vehicle) in urban and suburban environments, and [28] introduced V2V path loss modeling in irregular terrains. Simulation work on path loss model was done in [29] to evaluate path loss and shadowing of A2G channels in urban areas at airborne heights. To the best of our knowledge, however, there is no specific simulation work for path loss analysis over UAV-based A2A channel.
B. MAIN CONTRIBUTIONS
The objective of this paper is to conduct a measurement campaign to analyze the channel correlation property, to propose a modified model, and give simulation result over classical path loss model of UAV A2A scenarios. The major contributions of this paper are outlined as follows:
(1) We first set up an experimental platform for A2A channel measurements to obtain communication parameters, including delay jitter, RSSI, UDP throughput and pack loss in the flight. More in detail, two experiment scenarios are in use to show the influence of communication altitude and distance, separately, on these parameters.
(2) The path loss exponent and shadow fading are derived from the fitting result of log-distance path loss model with RSSI samples, to represent multi-path effect and the variation range of signal strength, respectively. The alteration trend of path loss exponent versus altitude is fitted in a mathematic VOLUME 7, 2019 equation to show the decreasing trend of multi-path effect at higher altitudes, which conforms to existing theory.
(3) Finally, we, to the best of knowledge, find the alteration tendency of shadow fading at changing altitudes, introduce an extension to the log-distance path loss model, and conduct simulation work to specifically demonstrate the characterization of A2A channel based on UAVs lower than 60 m.
The rest of the paper is organized as follows. Experimental setups and measuring methodology are given in the next section. Section III presents numerical results and discussions and introduces a possible way to extend the log-distance path loss model over the A2A channel with simulation results. Conclusions are drawn in Section IV.
II. SYSTEM MODEL
In this section, we set up an experimental platform to do measurements over various communication parameters in V2V channel and overview our test methodology with some configurations. 
A. EXPERIMENTAL SETUP
The measurements are conducted on a street in the Jiulonghu campus, Southeast University, China, as shown in Fig. 1 , which consists two UAVs (with onboard wireless modules) and a control computer. The UAVs are two DJI Mavic 2 Zoom with a maximum flying distance of 5 miles and working time of 31 minutes, which have omnidirectional obstacle avoidance, preventing collisions between UAVs. Users can use the APP DJI GO to see instantaneous global positioning system (GPS) information and flight images. Two onboard Raspberry Pi 3b are used as wireless modules, which carry quad core 1.2 GHz Broadcom BCM2837 64 bit CPU with 1 GB RAM, and Raspbian operating system that is based on Debian. The two boards are equipped with two EP-N8508GS 150 Mbps mini wireless 802.11n USB adapters with Realtek 8188CUS chipsets, and the adapters have the role of forming a direct board-to-board communication network without a router. Additionally, we set two USB adapters as Ad-Hoc mode to create 802.11n wireless LAN with 2.4 GHz ISM band and add one GPS module VK2635U7G5LF on each board.
B. TEST METHODOLOGY
Our measuring targets are UDP throughout, RSSI, delay jitter, and pack loss. With one board set as server and the other set as client, IPERF3 can make the client board to create UDP streams of specified bandwidth and do most of the measurements on UDP measuring mode. The UDP packet length is set as 320-byte and packet transmission time is set as 6 Mbps rate in our experiment.
III. NUMERICAL RESULTS AND DISCUSSION
In this section, we obtain and analyze the data in two scenarios which consider the influence of altitude and distance separately on UAV-based A2A channel characteristics. More in detail, path loss exponent and shadow fading are obtained, and based on which we introduce our analysis and extension of log-distance path loss model. Finally, we overview the characteristics of the A2A channel based on UAVs at low altitudes, shown in the simulation work.
A. CHARACTERIZATION OF UAV A2A CHANNEL
Our experiment is mainly divided into two parts, with part one measuring UDP throughput, RSSI, latency, and pack loss, serving for the brief analysis of each communication parameter, and part two only measuring RSSI, serving for modeling work with relatively high accuracy. Two scenarios are set, with scenario one focusing on the effect of altitude on A2A channel and scenario two focusing on communication distance. Notice of the experiment is summarized as follows:
• Data obtained at higher altitudes are more likely to be inaccurate with stronger wind, for wind causing flight instability.
• To reduce error, it is reasonable to make the UAVs fly smoothly and steadily to minimize doppler effects and disturbance caused by human operations.
• We have manually removed the data which are obtained when the UAV-to-UAV network is still not established or extremely unstable.
1) SCENARIO ONE: CHARACTERISTICS IN TERMS OF ALTITUDE
For scenario one, the measuring result and their corresponding GPS information are recorded when the two UAVs are made to fly at a constant distance of 10 m and rise at a speed of approximately 0.1 m/s up to 50 m. The time interval of the measurement is approximately 10 s, but the actual interval of our sample point varies because when under bad communication condition, the transmitting process will temporarily interrupt until the condition gets good enough to get those channel parameters. Sometimes the network connection breaks off even under 50 m, because of the strong wind at high altitude. The height of UAVs is obtained via GPS module and other channel parameters are obtained via the wireless adapters. Besides, the height, velocity, and distance data can be shown in our mobile phone when we are controlling the UAVs, simultaneously. In practice, our UAVs cannot maintain constant speed because of the effect of wind, and the actual speed of UAV is over 0.1 m/s because of operation latency and other factors. Note that only sketchy tendency of the channel parameters is in need in this part, which means that we just focus on the variation tendency of the parameters at changing time without considering the specific numerical relationships between the parameters and the surrounding factors, including height and distance. Moreover, showing the data in a complete flight in the time range helps us to analyze the influence of jiggle of drones caused by wind (which usually happens in a time period), and find the least affected channel parameter. Therefore, we only use time as the abscissa of our figures to roughly show the influence of height (scenario one) and distance (scenario two) on the channel parameters in this subsection, with accurate analysis shown in the next subsection. Then, after several trials, we choose a representative test in Fig. 2 to show the measurement results of throughput, pack loss, RSSI and delay, respectively. The total time length is shorter than 500 s because we remove the time period when no available data is obtained because of the temporary interrupt and recovery of the connection, and because the actual speed of UAVs, as discussed above, is over the original setting value. Note that these four parameters have different data sample intervals because in one complete measurement cycle, some parameters are obtained many times while others are obtained only once, which is due to the settings of the IPERF3. The measurement settings are summarized in Table 1 .
Though we only show the measuring result in one complete flight, it is found that the variation of parameters in each flight shows no big difference. From Fig. 2 , it can be found that throughput, pack loss and latency tend to change dramatically in the preliminary stage, corresponding to the instability of the beginning stage of flight, and the parameters become stabler after a while, when UAVs reach a constant speed upward. It is worth mentioning that the UDP throughput and signal strength show a similar trend to slightly increase when UAVs get higher, though the tendency of throughput being relatively inconspicuous. The peaks between the 50 s and 100 s of UDP throughput shows a special period when the magnitude of data show the largest. This is because in that corresponding flight, we made the drones hover for a period to make the connection more stable after taking off. In Figs. 2b and 2d , it can be speculated that height does not significantly influence pack loss and delay jitter because it can be found that these two parameters keep their fluctuation pattern during the middle period of the measurement, when the UAVs are going through a stable flight upwards.
2) SCENARIO TWO: CHARACTERISTICS IN TERMS OF DISTANCE
For scenario two, we investigate the performance of UAV-based A2A channel in terms of distance by making both UAVs fly to 20 m and letting one to hover at the same position and the other flying away at an approximate speed of 0.1 m/s. The obtained measuring results of the four communication parameters are shown in Fig. 3 . In this case, we also only show the result of a representative try, with notice and other issues stated in scenario one. From Fig. 3c , it is obvious that received signal strength decreases with increasing communication distance, which VOLUME 7, 2019 conforms to the existing theory in [6] . In addition, from Fig. 3a , UDP throughput decreases dramatically before 100 s, and fluctuates thereafter. Moreover, distance has no strong influence on delay jitter and pack loss because no specific variation trend versus distance of the two parameters is found from Figs. 3b and 3d. However, a correlation between latency and pack loss over flight instability can be further determined because these two parameters both change dramatically during the same period in the measuring process, when a corresponding unstable flying period, which is most probable to be caused by the strong wind, is shown by the shaking frames from the UAV camera at the same time. The increasing trend of delay as the propagation distance increases is not shown in Fig.3 because in our experiment, the influence of instability is far more than the influence of communication distance on latency. It can be speculated that pack loss and delay jitter are easier to be affected by flying condition than UDP throughput and RSSI.
3) PREPARATIONS FOR MODELING WORK
The decreasing tendency of RSSI with increasing distance, as found, is most likely to be used for building mathematical models because the signal strength shows the most evident alteration trend among all parameters. In this paper, we will use path loss model to illustrate the propagation loss of RSSI versus communication distance, depending on the theory in [21] , that the attenuation tendency of RSSI over distance conforms to the path loss model. In the second part of our experiment, the operations in scenario two are repeated at an altitude of 10 m, 20 m, 30 m, and 50 m, respectively, to get a larger sample size of RSSI itself, meeting the higher accuracy requirements for modeling work than in the first part of the experiment.
B. ANALYSIS AND EXTENSIONS OF LOG-DISTANCE PATH LOSS MODEL
The log-distance path loss model is a radio propagation model that characterizes the path loss a signal encounters over distance, which is shown in the following equation:
where PL(d) is the path loss at a given distance, α is the path loss exponent, and X δ is used to describe shadow fading, which is a zero mean Gaussian distributed random variable [30] . In this equation, the path loss exponent α represents the rate of loss, causing large scale fading, while X δ represents shadow fading, causing small scale fading. The multi-path effect is the reason for large scale fading, with a manifestation of reflections from surrounding trees, buildings, and ground. The path loss values, which are obtained from the measuring result of received signal strength at 10 m, 20 m, 30 m, and 50 m, are fitted into the log-distance path loss model to determine the best-fit path loss exponent, shown in Fig. 4 , respectively. It can be revealed from Fig. 4 that path loss continually increases as UAVs fly away from each other regardless of altitude, while the attenuation rate of signal power, which can be determined by the slope of the curve, reduces over distance, making a slighter and slighter increase of path loss before the network connection between the two UAVs breaks off. The corresponding best-fit path loss exponents decreases as altitude increases, with α = 2.7174, α = 2.4785, α = 2.3807, and α = 2.2745 at 10 m, 20 m, 30 m, and 50 m, respectively. Similar calculation results have been found in [6] , where the path loss exponents are 2.5 and 2.6 in different scenarios. It can be demonstrated that the communication environment of A2A channel at 50 m is the closest to free-space logdistance model of all, for the value of α is 2.2 under that circumstance [6] .
In order to model this behavior, we find the best fitting curve to show the relationship between the loss path exponent α and altitude h. The probable influence of the multi-path effect in relation to h is shown as the following formula:
With a = 2.598, b = −0.5268, and c = 1.945, the best fit α is achieved. In addition, the value of RMSE (root mean square error) is 0.003937, which demonstrates low prediction error. Fig. 5 reports the approximation of path loss exponent via the model above, from which it can be concluded that with increasing altitude, path loss exponent decreases, which translates to a reduction of multi-path effect caused by surface reflections from surrounding objects such as trees and buildings, and ground. Besides, it can be illustrated from Fig. 5 that the large-scale fading caused by multi-path effect is visible when flight goes up from 10 m to 30 m, and becomes not obvious after UAVs reach higher than 30 m.
Another factor that has an impact on the performance of A2A channel in the small scale is shadow fading, which can be demonstrated by X δ in (1). Here we calculate the 98836 VOLUME 7, 2019 shadow fading of different altitudes and obtain their statical distribution to quantify the path loss fluctuation, and the results are as reported in Fig. 6 , where the standard deviation of shadow fading is 5.469, 5.1446, 3.6064, and 1.9144 at an altitude of 10 m, 20 m, 30 m, and 50 m, respectively. With altitude increasing, there is a decreasing trend of the width of the probability of shadow fading, showing smaller variation range of path loss, which conforms to the result in [21] . Furthermore, there must be an additional fading caused by increasing altitude to help form the decreasing trend of total shadowing, for obviously, the altitude of flight is the only difference among the four communication environments. Here we define a parameter X O to show additional fading.
Based on the analyses above, we propose an extension of classical log-path model to represent the variance of both path loss exponent and shadow fading, and the scenarios to which the model applies are as shown:
• Small UAV A2A channel scenario: This model only fits the circumstances that small drones communicate with each other.
• Low altitude scenario: The surface reflections of ground, trees, and surrounding buildings can cause multi-path effect to the A2A channel based on UAV at lower than 60 m, but they do not directly block the LoS path of UAV-to-UAV links.
• Short distance scenario: The communication between UAVs is limited by power, making it impossible for the model to be used in long distance communication in the aviation field. The mathematical expression of the proposed model is as shown:
where X O is the additional fading, which is a zero mean Gaussian random variable like X δ , determining the alteration range of path loss. While the second equation represents the dependency for path loss exponent α on flight altitude, illustrating a decreasing tendency of multi-path effect which is caused by the reduction of ground reflections as UAVs fly to higher positions.
C. SIMULATION WORK
Uncertainties to influence the measuring and calculation results are unknown, including actual wireless adapter performance, influence of MIMO on the RSSI readings, the absolute accuracy of the measuring result, and human factors. However, the quantification uncertainty here does not affect the qualitative analysis of the altitude and distance dependency of path loss. As for additional fading, the X O obtained at 50 m is set as the standard quantity zero. The X O at 10 m is 3.5536 dB, and the reason is that the shadow fading at 10 m and 50 m shows an evident difference, which is 5.469 dB and 1.9144 dB, respectively, as shown in Fig. 6 . In reference to the calculation process in paper [22] , when the authors obtained additional fading in V2V communication scenarios with obstructions, the additional fading of other altitudes are obtained in the same way as at 50 m. It has to be mentioned that for small scale fading, the calculation and modeling result of shadow fading are quite conservative due to the inaccuracy of the obtained measuring results. Similar to the modeling process of the path loss exponent α, the best fitting method is found to describe the obvious decreasing trend of additional fading X O versus altitude h, depending on the data shown in Table 2 . Note that PL(d 0 ) is calculated from fitting result. Here linear relation is used to make an approximate estimation of the influence of altitude on additional fading. The model which characterizes the variation of X O is as shown.
where γ = −0.09393 and t = 4.702. Note that due to the limited data samples that we get, this model is too vague to describe the precise numerical variation of shadow fading, but only the decreasing trend with increasing altitude. More accurate models for shadow fading will be discussed in our future work. In this case, it can be demonstrated that shadow fading falls off at higher altitudes, which translates to a reduction of the fluctuation of path loss. So far, all the parameters in our newly proposed model are confirmed so that we can simulate the characteristics of UAV A2A channel versus altitude and communication distance via the complete model, with simulation result shown in Fig. 7 . It is worth noticing that the simulation result only displays the variation trend of path loss exponent without showing the influence of shadow fading. This is because shadow fading only represents the variation range of path loss in the small scale, which is unable to determine the specific path loss value, and the values are too conservative, as discussed, to be used in the simulation work. It can be shown from Fig. 7 that with fixed communication distance, the path loss at higher altitudes tends to be smaller, which translates to smaller attenuation, conforming to the simulation result in [31] .
Obviously, three phenomena can be observed from the preceding analyses and results in Fig. 7: • Similar to the propagation characterization in classical path loss model, path loss increases as UAVs fly away from each other, and the attenuation rate of signal power decreases with increasing distance before the network connection between UAVs breaks off.
• The decreasing tendency of path loss at increasing altitudes with fixed communication distance makes it possible to get enhanced signal strength for UAV-to-UAV links to transmit information at higher positions, because of the decline of multi-path effect. In this case, the maximum communication distance between two power-limited drones will be extended at higher altitudes, as well.
• The path loss at relatively high altitudes at a fixed distance is more likely to have small fluctuations because shadow fading decreases with increasing flight altitude. Our simulation results successfully reveal the characterization and performance of UAV-to-UAV links over 802.11n network, which gives impetus to future measuring and modeling studies on A2A channel based on UAVs. At present, our model only focuses on the variation of path loss with different horizontal distances regardless of horizontal direction or the cases that two UAVs are at different altitudes. The propagation characteristics in the three-dimensional range will be left as future work.
IV. CONCLUSION
Based on our measuring results, it has been demonstrated that UDP throughput and signal strength show a related trend over varying height and communicating distance. Flight stability has considerable influences on the UAV-based A2A channel characteristics, with a manifestation of a specific increment of latency and pack loss. Some typical channel parameters, including path loss exponent and shadow fading, are calculated from the data obtained to show the large scale and small scale fading, respectively.
We have presented a modified model based on log-distance path loss model for the UAV A2A channel at altitudes lower than 60 m and conducted simulation work over the proposed model. It has been illustrated that multi-path effect and shadow fading have a decreasing trend as the altitude of flight gets higher, demonstrating that not only the average of path loss but the range of path loss variations declines with an increase in altitude, such as those described in Section III. The results of our work can serve as a reference for modeling and simulation work of low altitude A2A channel based on small UAVs.
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